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Abstract: Columnar nanocrystalline aluminum nitride (cnc-AlN) thin ﬁlms with (002) orientation and
uniform texture have been deposited successfully on large silicon wafers by RF reactive magnetron sputtering.
At the optimum sputtering parameters, the deposited cnc-AlN thin ﬁlms show a c-axis preferred orientation
with a crystallite size of about 28 nm and surface roughness (RMS) of about 1.29 nm. The cnc-AlN thin ﬁlms
were well transparent with an optical band gap about 4.8 eV, and the residual compressive stress and the defect
density in the ﬁlm have been revealed by Ramon spectroscopy. Moreover, piezoelectric performances of the
cnc-AlN thin ﬁlms executed eﬀectively in a ﬁlm bulk acoustic resonator structure.
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Introduction
AlN has been attracting considerable attentions be-
cause of its superior physical properties such as good
thermal and chemical stability, high ultrasonic veloc-
ity, outstanding thermal conductivity, high electrical
resistivity, excellent piezoelectric response, wide optical
band gap, etc. Recently, there has been great interest in
the excellent properties of AlN thin ﬁlms for a wide va-
riety of applications [1], such as optoelectronic devices,
microelectronic devices and bulk acoustic wave devices
[2]. Several methods, such as pulsed laser deposition
(PLD), chemical vapor deposition (CVD), molecular
beam epitaxy (MBE) and magnetron sputtering [3],
have been reported to deposit AlN thin ﬁlms. However,
it is remain to be investigated for obtaining high quality
highly oriented cnc-AlN thin ﬁlms with expected prop-
erties, e.g. c-axis perpendicular to the substrate sur-
face, high stiﬀness, low surface roughnessresistance
to solvents, high conductive to heat, etc.
Reactive magnetron sputtering is considered to be a
kind of potential deposition technique with advantages
of being low temperature, low cost and controllable de-
position conditions. Besides, the surface morphology,
grain size and band gap energy of AlN ﬁlms are con-
nected with the deposition conditions [4]. A high de-
gree of c-axis orientation and smooth surface of the AlN
ﬁlms are essential to the bulk acoustic wave devices,
since the piezoelectric properties are strongly depen-
dent on the crystallographic orientation of the ﬁlm [5].
The aim of this work was to develop an advantageous
synthesis condition of RF reactive magnetron sputter-
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ing for cnc-AlN thin ﬁlms with (002) orientation and
uniform textured on large silicon wafers for FBAR with
eﬀective piezoelectric performances. The characteristic
of the cnc-AlN thin ﬁlms were measured using X-ray
diﬀraction (XRD), ﬁeld emission scanning electron mi-
croscope (FESEM), transmission electron microscope
(TEM), atomic force microscopy (AFM) and spectrum.
Experimental
RF reactive magnetron sputtering of an Al (99.999%
purity) target in a N2 (99.999%purity) and Ar (99.999%
purity) mixture atmosphere was used for deposition of
cnc-AlN thin ﬁlms. The distance target-to-substrate is
about 70 mm and target diameter is 80 mm. All sam-
ples were deposited on p-type Si (1 0 0) substrates of
3 inch with 1–10 Ω·cm resistivity. Some controllable
deposition parameters in the cnc-AlN ﬁlms deposition
experiments are shown in Table 1.
Table 1 The deposition parameters of cnc-AlN ﬁlms
Deposition parameters Value
Base pressure (Pa) 5×10−5
RF power (W) 100∼250
N2 ﬂow rate (sccm) 0∼20
Ar ﬂow rate (sccm) 0∼20
Sputtering pressure (Pa) 0.5∼2.0
Substrate temperature (℃) RT∼300
The crystalline structure of the cnc-AlN ﬁlms
was investigated by XRD using a Cu-Kα radiation
(λ=1.54187A˚). The surface morphology of the cnc-AlN
ﬁlms was examined using FE-SEM. The crystalline
grain size of the cnc-AlN ﬁlms was observed by TEM.
The surface roughness of the cnc-AlN ﬁlms was deter-
mined using AFM. The optical transmission of the ﬁlm
was measured by UV spectrophotometer. The residual
stress and defect density of the cnc-AlN ﬁlms were also
evaluated by Ramon spectroscopy.
Results and discussion
The eﬀects of deposition parameters on cnc-AlN
ﬁlms
The deposition parameters, including RF power,
pressure, ratio of N2/Ar, and substrate tempera-
ture, have been investigated systematically and demon-
strated signiﬁcant eﬀects on the crystalline structure
and properties of AlN ﬁlms. Figure 1 shows the XRD
results of the AlN ﬁlms deposited on silicon substrates
with diﬀerent RF power with N2/Ar of 70%, substrate
temperature of 300℃, pressure of 1 Pa. When the
power was 100 W, there are obvious non-crystalline
structure feature as a broad diﬀraction peak in the XRD
curve. With the increase of power, the AlN structure
feature are becoming crystalline obvious and the AlN
(002) and (100) diﬀraction peak becomes stronger and
sharper. However, the AlN diﬀraction (100) peak be-
comes disappeared at the power of 200 W and a sharp
AlN (002) peak remains.





















Fig. 1 The XRD results of the cnc-AlN ﬁlms deposited on
silicon substrates for diﬀerent RF power levels.
The AlN (002) peak is observed at 35.94◦ with a full
width at half-maximum (FWHM) of 0.30◦, which in-
dicates that the preferential AlN growth orientation is
along the wurtzite c-axis and perpendicular to the sur-





where, D is the crystalline grain size, λ is the wave-
length of Cu-Kα radiation, β is the FWHM of diﬀrac-
tion peak, and θ is the position of diﬀraction peak. The
crystalline grain size of AlN is estimated to be about
28 nm from the formula, which is similar to the value
reported in the paper [7]. But, when the power is high
to 250 W, the (002) peak becomes relatively broader,
which may due to the high power induced increase of
defects in the ﬁlm nanocrystalline structure.
Figure 2 shows the XRD results of the cnc-AlN ﬁlms
deposited on the silicon substrates at diﬀerent pres-
sures with the RF power of 200W, N2/Ar of 70%, sub-
strate temperature of 300℃. It can be seen that as the
pressure increased from 0.5 Pa to 2 Pa gradually, the
FWHM of the AlN (002) diﬀraction peak decreases at
ﬁrst and then increases, and the optimum pressure is at
1 Pa. This result may be explained that when the pres-
sure was very low, the Ar+ and N+ ions with much high
momentum were not suitable enough to form well crys-
tallinenature. When the pressure was very high, the
ratio of ion collision between each other became more
frequent and weaker correspondingly [8], the energy of
Ar+and N+ ions may be not high enough for the for-
mation of (002) crystal plane, which leads to texture
decline in the ﬁlm.
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Fig. 2 The XRD results of the cnc-AlN ﬁlms deposited on
the silicon substrates for diﬀerent pressure levels.
Figure 3 shows the XRD results of the cnc-AlN ﬁlms
deposited on the silicon substrates for diﬀerent ratios
of N2/Ar at the pressure of 1 Pa, RF power of 200 W,
and substrate temperature of 300℃. Only Al ﬁlm was
deposited when there was only Ar and without N2 for
reaction in the sputtering process. With the increase of
the N2 concentration, the cnc-AlN ﬁlms were obtained
and the AlN (002) diﬀraction peak becomes stronger
and sharper. When the N2 was used only, the ﬁlm de-
position was very slow because of the lower the kinetic
energy of N+ ions inducing the decline of ﬁlm quality.






















Fig. 3 The XRD results of the cnc-AlN ﬁlms deposited on
the silicon substrates for diﬀerent ratios of N2 to Ar.
Figure 4 shows the XRD results of the cnc-AlN ﬁlms
deposited on the silicon substrates for diﬀerent temper-
atures at the pressure of 1 Pa, RF power of 200 W, and
N2/Ar of 70%. It can be seen that the diﬀraction peak
of AlN (002) and the FWHM decreases obviously with
the temperature increase, which could attribute to the
atoms diﬀusion ability increase on the growth surface
and improves the crystalline quality of cnc-AlN ﬁlms.
From the investigation above, one can see that good
quality cnc-AlN ﬁlms with (002) orientation can be de-
posited at an optimal condition around 200 W, 1.0 Pa,
300℃, and N2 concentration of 70%, respectively.




















Fig. 4 The XRD results of the cnc-AlN ﬁlms deposited on
the silicon substrates for diﬀerent temperature levels.
The structure of (002) oriented cnc-AlN ﬁlms
The comprehensive features of cnc-AlN ﬁlms, such
as microstructure, grain size, and texture, have been
observed intuitionally from TEM micrographs. TEM
bright ﬁeld and dark ﬁeld images were used to exam-
ine the microstructure and grain size of the A1N ﬁlm,
respectively. While the selected area electron diﬀrac-
tion (SAED) was utilized to study the crystalline phase
present. Figure 5(a) shows a cross-section bright-ﬁled
(BF) TEM micrograph, together with the SAED pat-
tern in Fig. 5(b) and the dark-ﬁled TEM micrograph
in Fig. 5(c). The in-plane nanocrystalline grains are
columnar with grain size of about 24 nm, which is sim-
ilar with the value calculated by Scherrer formula. The
SAED pattern shown in Fig. 5(c) indicated a crystalline
phase of AlN can be obtained. As for AlN, a preferred
orientation is already seen from the arcing of the (002)
diﬀraction spots around the growth axis, according to
the occurring diﬀraction rings. In addition, according





Fig. 5 The TEM micrographs obtained for cnc-AlN thin
ﬁlms: (a) the bright ﬁled image; (b) the SAED pattern; (c)
the dark ﬁled image.
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polycrystalline ﬁlm. Moreover, the diﬀraction spots are
very intense, which proved that the ﬁlm is well crystal-
lite.
Figure 6(a) and (b) show SEM and AFM of the
surface morphology of cnc-AlN ﬁlms deposited on sili-
con substrates by using the optimal deposition param-
eters, and Fig. 6(c) shows the cross-sectional image.
The cnc-AlN ﬁlms demonstrate clearly a hummock-like
surface morphology with smooth, homogeneous, un-
cracked, compact and dense. The surface morphology
consists of a large number of crystalline grains with
compact columnar structure. There are many grain
boundaries among columns and the RMS was in an av-
erage of 1.29 nm which was measured by the low-high













Fig. 6 The morphology of cnc-AlN thin ﬁlms: (a) SEM im-
age of the surface; (b) AFM image of the surface; (c) SEM
image of the cross-section.
Figure 7(a) demonstrates the UV transmittance spec-
trum of cnc-AlN thin ﬁlms with the thickness of 500 nm
deposited on a glass substrate. The optical properties
of the cnc-AlN ﬁlms transparent in appearance with av-
erage transmittance of about 92.6% in the wavelength
range of 200-800 nm. The fundamental absorption edge















































Fig. 7 (a) The UV spectrum of cnc-AlN ﬁlms deposited on
glass. (b) The inset shows the typical (αhν)2 ∼ hν curve
for the cnc-AlN ﬁlms.
The optical band gap of the cnc-AlN ﬁlms have been
calculated with the Tauc equation [9]:
(αhv)2 = B(hv − E
g
)
α is the absorption coeﬃcient, B is a proportional con-
stant related to the material, hv is the photon energy
of incident light and E
g
is the optical band gap, re-
spectively. The optical band gap is obtained by extrap-
olating the tangential line to the photon energy axis
in the plot of (αhv)2 as a function of hv. Figure 7(b)
shows the typical (αhv)2 ∼ hν curve for the cnc-AlN
ﬁlms. The optical band gap for the cnc-AlN ﬁlms is
estimated about 4.8eV, which is similar to the reported
data [10].
Figure 8 shows a typical Raman spectrum of the cnc-
AlN ﬁlms deposited on silicon substrates. Two obvious
intense peaks can be observed from the spectrum, one
at 519 cm−1 originates from the silicon substrate, an-
other at 660 cm−1 corresponds to the E2 (high) mode of
AlN, of which the frequency is higher than the standard
frequency of E2 at 657.4 cm
−1 [11]. This reveals there
are small residual compressive stresses in the cnc-AlN
ﬁlms, which is possibly induced by the diﬀerence of the
thermal expansion coeﬃcient between the ﬁlm and the
Si substrate.
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Fig. 8 The typical Raman spectrum of the cnc-AlN ﬁlms
deposited on silicon substrates.
The (002) textured cnc-AlN ﬁlms have been used cru-
cial for ﬁlm body acoustic rasonator (FBAR) as the
piezoelectric ﬁlm which is most crucial in quality. Fig-
ure 9 shows a schematic of a FBAR sample and the
measured frequency response curve. The center fre-
quency of the FBAR is about 2.2 GHz and the insertion
loss is about 30 dB. Results showed the devices exhib-
ited excellent performance with the quality factor (Q)
about 385 and the eﬀective electromechanical coupling
coeﬃcient (k2
eﬀ
) about 3.4% [12,13].


















Fig. 9 The schematic of FBAR (a) schematic of structure;
(b) frequency response curve.
Conclusions
Well (002) oriented cnc-AlN ﬁlms have been de-
posited on silicon substrates by RF reactive magnetron
sputtering with texture. The eﬀect of process param-
eters on properties of cnc-AlN ﬁlms has been demon-
strated systematically. A hummock-like surface mor-
phology with smooth, homogeneous, uncracked, com-
pact and dense, have been observed by SEM and the
crystallite size in the cnc-AlN ﬁlms is about 24 nm
which was measured by TEM observation. The average
transmittance is about 92.6% and the optical band gap
is estimated to be about 4.8 eV. An intense peak can be
observed at 660 cm−1 from the Raman spectrum, which
proved the residual compressive stress in the cnc-AlN
ﬁlms. The high quality of the cnc-AlN ﬁlms have been
proved with good performance as a piezoelectric ﬁlm in
the critical structure of ﬁlm bulk acoustic resonator.
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